Denitrification is increasingly recognized for its ability to eliminate or reduce nitrate concentrations in groundwater. With this awareness comes a desire to predict the rate and extent of denitrification in aquifers. The limiting factor in making predictive models, however, is our limited knowledge of the physical characteristics of this process. This review synthesizes the published literature on natural aquifer denitrification. A background section discusses denitrification requirements and dissimilatory nitrate reduction to ammonium, which occurs in environments similar to those where denitrification occurs, and gives a historical perspective on denitrification. Other sections discuss denitrification with organic carbon serving as the electron donor (heterotrophic denitrification) and with reduced inorganic compounds serving as the electron donor (autotrophic denitrification). The section on heterotrophic denitrification is structured around two tables that summarize natural aquifer denitrification rates reported by laboratory studies and natural aquifer denitrification rates reported by field studies. The section on autotrophic denitrification discusses denitrification with reduced iron and reduced sulfur. Thus far, most studies only consider a single electron donor or donor type, whether heterotrophic or autotrophic. This review demonstrates, however, that multiple electron donors may be present in a given aquifer. Future research efforts are recommended to determine the factors affecting the availability of electron donors and their denitrification rates. Additional research is also suggested on how dissolved oxygen affects denitrification rates and on the factors influencing the partitioning of nitrate reduction products to nitrous oxide, a potential contributor to the destruction of the ozone layer, and to ammonium. A continued interest is likely in aquifer denitrification because it can naturally remove NO•-from groundwater and also for the following reasons:
INTRODUCTION

Nitrate (NO•-) is the most common groundwater contaminant and, because of growing anthropogenic sources, NO•-pollution is increasing [Freeze and Cherry, 1979]. Nitrate is a stable nitrogen (N) species under certain natural conditions
and forms compounds that are highly soluble [Hook, 1983] . These characteristics allow NO•-to be transported in some groundwater systems to environments where it can be converted to N species that either promote surface water eutrophication or are hazardous to humans, livestock, and the environment.
Hallberg [1989] reported that agriculture is the most extensive anthropogenic source of NO•-to groundwater systems. Examples of such sources include the application of N fertilizers, mismanagement of irrigated crops, the disposal of livestock waste [Hallberg, 1989] , and the cultivation of virgin land [e.g., Ronen et al., 1983; Faillat, 1990] .
With these concerns it is advantageous from a water quality perspective to exploit any process in the N cycle that functions as a sink for N in groundwater. Denitrification fulfills this criterion. In this process, bacteria in an anaerobic environment use NO•-as a terminal electron (e-) acceptor in their metabolic processes. As shown later, the denitrification pathway terminates with molecular nitrogen (N:). In this form the triple bond between the N atoms resists further chemical change. Additionally, once the concentration of N2 in the groundwater exceeds saturation, it tends to migrate out of the saturated zone (the molar solubility of N2 in water is approximately half the molar solubility of 02 in water [B6ckle et al., 1984] ).
Denitrification has been studied intensively with respect to surface water/sediment interfaces, septic tank systems, soil Copyright 1992 by the American Geophysical Union.
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0043-1397/92/92 WR-00252505.00 environments, and water treatment processes. Denitrification in aquifers below the root zone, however, is a more recent addition to the literature. Only one comprehensive review has been written that focuses on this topic; Mariotti [1986] reviewed three methods for identifying groundwater denitrification.
A continued interest is likely in aquifer denitrification because it can naturally remove NO•-from groundwater and also for the following reasons:
1. Aquifers are being used as "bioreactors." An aquifer's natural denitrification ability can be increased by adding e-donor amendments such as sucrose and methanol to encourage in situ denitrification.
2. Nitrate is added as an e-acceptor amendment to anaerobic sites in aquifers contaminated with hazardous organic compounds to encourage in situ biological degradation of these wastes.
3. Denitrification releases N20 to the atmosphere, which is believed to contribute to the "greenhouse effect" and to the destruction of the ozone layer.
With the current and expected interest in aquifer denitrification, an important goal is to attain predictive capabilities for it. Kinzelbach et al. [1990, p. 322] , in a recent review on numerical groundwater quality models with a focus on nitrate transport in the saturated zone, concluded that present models' predictive capabilities are limited. The cause of this limitation is not in our modeling techniques, but by "limited knowledge of the parameters, data and boundary conditions." It is my hope that this review on natural groundwater denitrification in the saturated zone provides a synthesis of our current knowledge and a guide for our future efforts in understanding and modeling this process. Because of the paucity of groundwater data for some of the topics considered, data from other environments, such as water/ sediment interfaces and soils, are considered. These instances are noted in the text.
BACKGROUND
It is shown elsewhere [Korom, 1991a] that once NO•-is leached below the root zone there are four possible "fates" (other than continued leaching) that await it. These are soil retention, assimilatory reduction into microbial biomass, dissimilatory nitrate reduction to ammonium (DNRA), and denitrification. Only the latter may serve as a major N sink; the others only temporarily immobilize N. Of those that retard the groundwater transport of N, DNRA is a particularly important process for those studying denitrification because of its similarities to denitrification.
Thus subsections on both denitrification and DNRA follow. These are followed by another subsection that gives a historical perspective on denitrification in aquifers.
Denitrification
Denitrification refers to the microbially mediated process whereby NO/-is reduced to N20 or N 2. This process also goes by the less popular names of "biological denitrification" and "enzymatic denitrification" [Paul and Clark, 1989] . "Chemodenitrification" refers to the abiotic process whereby nitrite (NO•-) is chemically reduced to N 2 and other gaseous nitrous oxides [Paul and Clark, 1989] .
It is somewhat of a misnomer, however, as previous reviewers [Nelson, 1982; Chalk and Smith, 1983] Denitrification requirements. The physiological property of denitrification belongs exclusively to bacteria; however, not all bacteria denitrify . The ones that do are very diverse [Knowles, 1982] . As such, it useful to define some terms for their classification.
Bacteria in aquifers obtain energy from the oxidation of organic or inorganic compounds (as opposed to gaining energy from the sun) and hence are chemotrophs. This designation is implied for all bacteria discussed in this review. If the e-donor is organic, the organism is organotrophic. If the e-donor is inorganic, the organism is lithotrophic. Inorganic e-donors found in groundwater include reduced manganese (Mn 2+ ), ferrous iron (Fe 2+) and sulfides. An organotroph virtually always uses its organic energy source as a source for cellular carbon; thus it is also heterotrophic. [Brock and Schlegel, 1989] . Additionally, most lithotrophs obtain carbon from inorganic carbon dioxide (CO2); thus they are also autotrophic [Brock and Schlegel, 1989 ]. Most authors seem to differentiate denitrifiers as either heterotrophic or autotrophic, implying that the bacteria either require organic carbon (OC) or do not require OC for growth and maintenance. This terminology is retained. Payne [1981] are also facultative anaerobes [Firestone, 1982] , that is, organisms that are capable of survival with or without 02.
As stated above, all bacteria need an e-donor as an energy source. To complete the oxidation-reduction (redox) reaction, an e-acceptor is also required. 
The role of nitric oxide (NO) in this pathway is controversial . Most denitrifiers can complete the entire pathway, but some can only mediate portions of the pathway [Tiedje, 1988] .
Dissimilatory Nitrate Reduction to Ammonium
Both dissimilatory nitrate reduction to ammonium and denitrification are dissimilatory reduction processes in that they make energy available to the cell for growth and maintenance [Harris, 1982] however, the presence of denitrifying bacteria in aquifers was largely speculation. Since the 1970s, however, studies specifically involving aquifer denitrification began and more substantial evidence of denitrifying bacteria and of denitrification was reported. A table listing numbers of denitrifying bacteria reported in groundwater and aquifer samples was given by Korom [1991a] . It revealed that denitrifying bacteria were typically found in both sample types. In some cases where they were not found, it may have been related to the enumeration method used [e.g., Trudell et al., 1986] or because the aquifer consisted of matedhal with physical characteristics unsuitable for bacteria (e.g., limestone with pore spaces too small for bacteria [Whitelaw and Rees, 1980] ). Other studies on aquifer denitdhfication are reviewed in the remaining portion of this work. The next section reviews heterotrophic denitrification in aquifers.
HETEROTROPHIC DENITRIFICATION IN AQUIFERS
This section is structured around two tables that summarize findings on aquifer denitrification. The majority of the references given in these tables are for heterotrophic denitrification. Some autotrophic references are noted in the tables and in this section but are discussed more fully in the following section.
Below is [1991] , that is, ---10 -1 mg N kg -1 dry sediment per day. As discussed later, the denitdhfication reported by Lind may be autotrophic.
Francis et al. [ 1989] found that samples taken from depths down to 289 m had denitrification potential. They also found that samples with <50% sand and >30% clay had no measurable denitrification at in situ concentrations of NO/-. The practical significance of this finding, however, is questionable since the NO•-concentrations involved were too low to be of concern from a water quality perspective, that is, ---10 -1 mg NO•--N L -1 . When NO•-was added, the denitrification rates were similar to the others reported in Table 1 Unfortunately, the references given in Table 1 This assay is difficult to achieve in the field, however, and only a few of the references given in Table 2 have accomplished it. As an alternative, Hendry et al. [1983] published results from a case study giving a number of geochemical criteria which demonstrate that denitrification best explains the nitrate distributions they observed at their research site. These criteria include Eh, pH, DO, alkalinity, ion analysis, and isotope studies. This work was done convincingly without the measurement of any N gases. More discussion on some of the methods used in the references on Table 2 , both geochemical and others, is given by Mariotti [1986] .
Vogel et al. [1981] conducted a study at a lightly cultivated and sparsely populated location in the Kalahari Desert. They reported that N2 and argon usually get into groundwater by the equilibration of infiltrating water with the atmosphere and by trapped air bubbles during infiltration. Measurements from water samples taken from wells downgradient showed that additional N 2 is getting into the water. This "excess nitrogen" increased as the groundwater's NOr and DO concentrations decreased, which suggested that denitrification was responsible for these observations. By dating the groundwater using 14C, denitrification rates in the aquifer were approximated. They estimated that 21.1 mg N L -1 were denitrified in the aquifer in the past 13,990 years. They 
TOPICS FOR FUTURE RESEARCH
Contrary to statements by Howard [1985] and Hiscock et al. [1991] , natural aquifer denitrification can, given the proper conditions, reduce NO•-contamination in modern recharge waters. This review illustrates, however, that our current capabilities to predict an aquifer's denitrification characteristics are site specific at best. The implication for future research is that more data coveting a wide range of aquifer denitrification topics need to be collected and analyzed. Suggestions for future research are summarized as follows.
1. N20 is a denitrification end product. This gas is a potential contributor to the destruction of the ozone layer [Crutzen, 1981] Third, perhaps the area of most practical concern for hydrogeologists assessing aquifer denitrification potential is the availability of e-donors. OC is an important e-donor. Some OC in pore water from a root zone is readily bioavailable; however, supplies are limited. In some locations, large reserves of OC are in an aquifer's solid phase. Thermodynamic considerations show, however, that over geologic time the OC remaining in a formation may not be very labile since the more labile forms of OC tend to be oxidized before less labileøforms. It is important to ascertain what forms of OC are usable by bacteria for denitrification and how different types and sources of OC affect denitrification rates.
Likewise, availability of inorganic e-donors and how different inorganic e-donors affect denitrification rates need to be determined. Studies should incorporate a spectrum of potential e-donors and not just be limited to a single edonor unless justified. Temporal and spatial variability in the supply of e-donors within an aquifer also needs to be addressed.
